The electronic absorption, electronic circular dichroism and X-ray absorption spectroscopy of the blue copper protein plastocyanin is studied with density functional theory, time-dependent density functional theory and multireference configuration interaction in conjunction with classical molecular dynamics simulations. A strong correlation is observed between the excitation energy of the intense ligand to metal charge transfer band and the copper-cysteine sulfur bond length. The results suggest that the copper-cysteine sulfur bond length in the crystal structure of plastocyanin is too short and should be closer to the corresponding bond lengths in related blue copper proteins. Averaging over many structural conformations is required to reproduce the major features of the experimental circular dichroism spectra. A correlation between the rotational strength of the ligand to metal charge transfer band and the distortion of the copper atom from the plane of the cysteine sulfur and histidine nitrogen atoms is found. X-ray absorption calculations show a smaller sulfur p orbital character in the singly occupied molecular orbital of cucumber basic protein compared to plastocyanin.
I. Introduction
Blue or type I copper proteins play a central role in a number of important biological processes such as photosynthesis and nitrogen fixation. 1 This prominent role has led to a considerable research effort to study the structure and dynamics of these systems with the aim of understanding their function. [2] [3] [4] [5] [6] [7] [8] [9] Spectroscopic methods have played an important role in this work. A variety of spectroscopic techniques have been applied to study these proteins, predominantly by Solomon and co-workers. [10] [11] [12] [13] Also of interest are model systems, such as CuCl 2À 4 , which have been used to inform the interpretation of the protein spectra. 7 In the ultraviolet (UV) and visible regions of the spectrum, ligand field and charge transfer excitations occur, arising from d ' d and d ' ligand excitations, respectively. At much higher energies in the X-ray region are d ' core excitations, which can be measured at the metal K and L-edges and the ligand K-edge. [10] [11] [12] 14 A useful feature of spectroscopic investigations into these systems is that the different types of excitation yield complementary information. For example, ligand field excited states are sensitive to the ligand field at the metal and can probe the active site geometry, while charge transfer states can probe the nature of the ligandmetal bond. In addition, core excitations can provide information on the oxidation state, coordination number and nature of the ground state wavefunction of the metal centre. 7 Plastocyanin represents a classic example of a blue copper protein. The active site of plastocyanin is shown in Fig. 1 , and comprises a cysteine, a methionine and two histidine ligands. The oxidised form of the protein has a singly occupied molecular orbital (SOMO). The absorption spectrum of plastocyanin shows peaks at 16 700 cm À1 and a weaker band at about 12 800 cm À1 , 15 which are assigned to a Cu ' S(cys) ligand to metal charge transfer (LMCT) and d ' d ligand field excitations, respectively. A further weak feature at 21 400 cm À1 is also observed. 15 Closely related blue copper sites, such as cucumber basic protein, pseudoazurin and nitrite reductase, have a slightly distorted active site, with a lengthening of the Cu-S cys bond and a shortening of the Cu-S meth bond compared to plastocyanin, but exhibit different spectral features. The optical absorption spectra of these proteins show a large increase in intensity of the feature near 21 400 cm À1 coupled with a decrease in the intensity of the LMCT band at 16 700 cm
À1
, with the combined intensities of the two bands remaining approximately constant. 16 This indicates a close relationship between the spectroscopy and the underlying structure of the active site.
The electronic circular dichroism (CD) spectra of some blue copper proteins have also been reported. 17, 18 More bands are evident in the CD spectra compared to the optical absorption spectra. For plastocyanin, a small positive band at 10 800 cm
and larger negative band at about 13 000 cm À1 are observed.
The LMCT transition leads to an intense band at 16 700 cm
and at higher energy there is a small negative band at 21 000 cm À1 followed by a further positive band at about 24 000 cm À1 . 17 For the perturbed blue copper proteins, cucumber basic protein and nitrite reductase, the pattern of the bands is similar, but their relative intensities change. In particular, the intensity of the band arising from the LMCT excitation is reduced relative to the ligand field bands. 17, 18 Theoretical studies of the absorption spectrum of these proteins have also highlighted the sensitivity of the spectral features to the structure of the active site. Using the X a scattered wave method, Solomon and co-workers found the SOMO of plastocyanin to be an antibonding mixture of the Cu 3d x 2 Ày 2 and the S cys 3p p orbitals. 15, 19 The four lowest energy excitations were assigned to copper ligand field transitions, and the intense band was attributed to excitation from the bonding Cu 3d-S cys 3p p orbital to the singly occupied orbital, and computed to lie at 16 940 cm À1 . Higher energy bands were assigned to charge transfer excitations from the imidazole p system to copper. Larsson et al. have reported semiempirical CNDO/S calculations of the active site of azurin. 20 An intense band was predicted to lie at 13 800 cm À1 , and in agreement with Solomon was assigned to excitations from the bonding Cu 3d-S cys 3p p orbital. Contrary to the earlier work, ligand field excitations were found at higher energy.
Roos and co-workers performed complete active space self-consistent field (CASSCF) with multi-configurational second-order perturbation theory (CASPT2) calculations on plastocyanin. 21 Consistent with the earlier theoretical studies, the SOMO was found to be an antibonding combination of the Cu 3d x 2 Ày 2 and S cys 3p p orbitals which is delocalised over the Cu-S cys bond. Calculations were performed on a variety of models of the active site with the experimental and optimized structures, and further calculations were performed with the remainder of the protein and solvent described by point charges. Overall, good agreement with the experiment was obtained, with the excitation energies of the six lowest excitations predicted within 2000 cm À1 of their experimental values. The intense spectral band was assigned to excitation from the bonding Cu 3d-S cys 3p p orbital to the SOMO, and the four ligand field excitations were found to lie at lower energy. The most intense of these bands corresponded to excitation from the Cu 3d yz orbital. This study highlighted the sensitivity of the spectral properties on the structure of the active site, in particular, the length of the Cu-S cys bond was a crucial factor. This work was extended to the related blue copper proteins pseudoazurin, cucumber basic protein and nitrite reductase. 22 Consistent with experiment, the calculations predicted an increase in intensity around 22 000 cm
, which was associated with an excitation from a bonding Cu 3d-S cys s orbital orbital to the singly occupied orbital. Furthermore, trigonal structures resulted in spectra with a low intensity at 22 000 cm À1 , while tetragonal structures had an increased intensity at 22 000 cm À1 relative to the intensity of the band at 17 000 cm
. More recently, the multistate CASPT2 approach was used to study plastocyanin in conjunction with large basis sets. 23 The focus of this work was the calculation of the g tensor, but a more detailed analysis of the effects of the extended protein environment on the excitation energies was included. The ligand field states were found to be the most sensitive to the extended protein environment, with a decrease in excitation energy as large as 2000-2500 cm À1 . The effect on the charge transfer states was more modest, with a lowering in excitation energy of about 1000 cm À1 for the LMCT band. This was consistent with the earlier work of Sinnecker and Neese who studied plastocyanin with a quantum mechanics/molecular mechanics (QM/MM) approach with density functional theory (DFT). 24 In this study, an absorption spectra was computed using time-dependent density functional (TDDFT) with the B3LYP exchange-correlation functional. The calculated excitation energies were too high, although analysis showed the ligand field excitations to be more sensitive to the protein environment with shifts larger than 1000 cm
. QM/MM optimization of the structure of the active site and its surroundings using the BP86 functional and split-valence SV(P) basis set found bond lengths of 2.22 Å for Cu-S cys and 2.77 Å for Cu-S meth . Furthermore, values of 2.02 and 1.99 Å were predicted for the two Cu-N his bond lengths.
Theoretical calculations of the reduction potential of plastocyanin have shown that configurational sampling can be important in modelling the properties of these systems. 25 The molecular dynamics of plastocyanin was studied within the classical CHARMM force field by Voth and co-workers. 4 Force field parameters for the active site of plastocyanin were developed and subsequently used to study the electron transfer dynamics. Blue copper proteins have also been studied with ligand field molecular mechanics. This approach was shown to reproduce the ground state structures of a variety of type I centers accurately. 9 Recently, conformational sampling has been incorporated into theoretical studies of the excited states of blue copper proteins. [26] [27] [28] Ando has studied the ligand to metal charge transfer dynamics in plastocyanin. 27 Using potential energy functions computed using the multiconfigurational self-consistent field method 26 in conjunction with molecular dynamics simulations of the protein, important coupling motions of the transition from the ground state to the ligand to metal charge transfer state were identified. Non-equilibrium simulations showed that relaxation from the ligand to metal charge transfer state occurs via ballistic and coherent potential crossings in 70-80 and 500 fs timescales, followed by thermally activated random transitions. The optical absorption spectrum of the blue copper protein azurin has been calculated through a hybrid TDDFT and Car-Parrinello molecular dynamics simulation approach. 28 The results were in good agreement with experiment and the CASPT2 calculations, illustrating that TDDFT can provide a reasonable description of these systems.
In comparison, there has been relatively little theoretical work reported for the X-ray absorption spectra of these proteins. The Cl K-edge spectra of a series of metal tetrachloride , has been studied with TDDFT. 29 It was found that the relative energies and intensities of the pre-edge features were modelled well by the calculations. A Dself-consistent field (SCF) approach has been used to calculate the copper and ligand pre-edge features in the X-ray absorption spectra of CuCl 2À 4 and plastocyanin. 30 Errors of 2-6 eV in the computed excitation energies were obtained when uncontracted basis functions in conjunction with relativistic corrections were used. Core excitation energies computed with TDDFT with standard exchange-correlation functionals are known to significantly underestimate experiment. [31] [32] [33] [34] This was addressed recently through the use of a short-range corrected functional. 35 When applied to the pre-edge features in the Cu and S K-edge spectra, the excitation energies were predicted in good agreement with experiment.
In this paper, the UV/vis absorption, electronic CD and X-ray absorption spectra of plastocyanin are studied with a combination of DFT and multireference configuration interaction (MRCI). To capture the effects of the protein dynamics, finite temperature spectra are simulated by averaging over structural snapshots taken from molecular dynamics simulations. These simulations of the absorption spectra are used to inform and refine the molecular dynamics force field. In particular, we argue that the Cu-S cys bond length of plastocyanin is too short in the crystal structure and should be closer to the Cu-S cys bond lengths observed in the crystal structure of other blue copper proteins. Furthermore, conformational sampling is shown to be essential to obtain CD spectra that reproduce the major features of the experimental spectra. Using TDDFT, excitation energies for the copper and sulfur K edges are predicted in good agreement with experiment. The calculated intensity of the sulfur K edge of the closely related cucumber basic protein is less than for plastocyanin which suggests a smaller component of sulfur p orbital in the SOMO.
II. Computational details
TDDFT is well established for computing electronic excited states. 36 While TDDFT has proved successful in many studies encompassing a wide variety of systems, some problems are well documented. 37, 38 Of particular relevance for the excited states of blue copper proteins is that charge transfer states are not described well by standard generalized gradient corrected or hybrid functionals. Currently, the most satisfactory solution is so called long-range corrected or Coulomb attenuated exchange-correlation functionals. In recent years, there has been considerable development and optimization of these functionals, [39] [40] [41] [42] [43] [44] [45] [46] [47] resulting in methods that provide accurate excitation energies for valence and charge transfer excited states. 41 Alternatively, excited states can be computed using a DKohn-Sham approach. Recently, a new method for converging Kohn-Sham calculations to yield excited states, termed the maximum overlap method (MOM), was reported. 48 In this approach, the variational collapse to the ground state during the SCF procedure is prevented by an overlap criterion. In conventional SCF approaches, the orbitals of lowest energy are occupied. Within the MOM approach, a different procedure is adopted, and the new occupied orbitals are chosen to be those that overlap most with the span of the old occupied orbitals. This allows the SCF calculation to proceed while maintaining the excited state orbital occupations. The new occupied orbitals are identified by defining an orbital overlap matrix between the old and new molecular orbitals
O ij gives the overlap between the ith old orbital and the jth new orbital. The projection of the jth new orbital onto the old occupied space is computed as
where
The occupied orbitals are chosen to be the ones with the largest projections p j . Consequently, if the initial orbitals for the Kohn-Sham SCF calculation are chosen such that they describe an excited state, the MOM procedure can maintain the excited state throughout the SCF procedure. In the work presented here, a long-range corrected hybrid functional has been used for both TDDFT and DKohn-Sham calculations. The exchange part of the functional comprises 20% HartreeFock exchange and 80% Coulomb attenuated Becke exchange functional 49 with an attenuation parameter of 0.3 a À1 0 . The LYP functional 50 is used for the correlation part. TDDFT calculations were also performed with the oB97 functional. 40 The active site model is shown in Fig. 1 . For all calculations on plastocyanin with structures drawn from the molecular dynamics simulations, the effect of the surrounding protein incorporated by including point charges for the remaining protein atoms. Each atom was assigned a point charge taken from the CHARMM22 force field. 51 All DFT calculations presented in this work used an unrestricted Kohn-Sham formalism and were performed with the Q-CHEM software package. 52 MRCI calculations have been performed with an active space comprising the four doubly occupied d orbitals of Cu with the Cys p , Cys s and singly occupied orbitals, shown in Fig. 2 . A further two occupied orbitals were also included in the active space, and this results in an active space of 17 electrons in 9 orbitals. Reference orbitals for the MRCI calculations were obtained from state averaged multi-configurational self-consistent field calculations, and the subsequent MRCI calculations used the projection procedure introduced by Knowles and Werner. 53 These calculations were performed using the MOLPRO suite of programs. 54 For all excited state calculations in the UV region the Stuttgart relativistic small core (SRSC) basis set 55 was used for copper and the 6-311G* basis set was used for all other atom types.
CD spectra were computed at the MRCI level using the origin independent (velocity) form, where the rotational strength for a electronic transition A ' 0 is given by View Online where o, r and L represent the excitation energy, momentum and angular momentum, respectively. 56 Further calculations of CD spectra were performed at the single excitation configuration interaction (CIS) level with the ORCA software package. 57 For these CIS calculations point charges described the extended protein environment were not included. CIS excitation energies are too high, and in the computed spectrum CIS rotational strengths are combined with the MRCI excitation energies. TDDFT has not been used to compute rotational strengths because the calculation of rotational strengths with Coulomb attenuated functionals is not currently available. Furthermore, with standard functionals the order of the excited states is not preserved compared to MRCI and, consequently, we have not been able to combine TDDFT rotational strengths with MRCI excitation energies. Graphical representations of the spectra were generated by representing each electronic transition with a Gaussian function.
TDDFT can also be applied to study core excited states. Within standard implementations of TDDFT, the calculation of core excited states becomes prohibitively expensive due to the large number of roots required to obtain the high energy core excited states. A practical solution to this problem is to restrict the single excitation space to include only excitations from the relevant core orbital(s). 29, 58, 59 This makes the calculation of core excited states of comparable expense to computing valence excited states whilst introducing a negligible error. 60 For core-excitations long-range corrected functionals do not improve the calculated excitation energies. This has led to the development of short-range corrected functionals, which treat the short-range contribution predominantly with HF theory. 35 In this work, core-excitation energies and the associated intensities are computed with TDDFT with the SRC1 form of the short range corrected functional with parameters C SHF = 0.87, m SR = 2.20a o . 35 For the calculation of core excitations, an all electron basis set is required for copper. For the X-ray absorption calculations, the 6-31G* basis is used for copper. An additional complication with the computation of core excited states is that relativistic effects cannot be ignored.
Relativistic effects lead to a significant lowering of the energy of core orbitals, while the energies of the valence orbitals remain roughly constant, resulting in an increase in the core-excitation energy. Corrections of 79.7 eV and 5.9 eV are applied to correct for relativity for the copper and sulfur K edges. These corrections were estimated from lowering in energy of the core-orbital in relativistic Douglas-Kroll-Hess Hartree-Fock calculations relative to analogous unrelativistic calculations.
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Classical molecular dynamics simulations were performed with CHARMM. 62 For plastocyanin, the simulation protocol described by Ungar et al. 4 was followed with some minor modifications. The simulations were carried out at constant volume and temperature (300 K). The SHAKE constraint 63 was applied to all bonds to hydrogen and a time step of 1 fs was used. A 10 Å cutoff for nonbonded interactions and long range electrostatics were accounted for by the particle-meshEwald (PME) method using default values for the parameters. Equilibrium lasted for 140 ps, followed by production dynamics for 1 ns. 114 structural snapshots were extracted at equal time intervals for subsequent quantum chemical calculations. 64, 65 Simulations of cucumber basic protein were performed with explicit solvent and cubic periodic boundary conditions, although solvent should have a limited effect on the structure of the active site. 4 
Results and discussion
A. CuCl 2À 4 The electronic structure of the CuCl 2À 4 ion is a model for the electronic structure of the active site of oxidised blue copper proteins. The absorption spectrum of CuCl 2À 4 with a D 4h configuration has been reported, 7 and this provides a useful system to explore the accuracy of the DFT based techniques. Table 1 shows the computed excitation energies and oscillator strengths for transitions in the UV region with TDDFT and transition is too high. The primary deficiency of this approach is the excitation energies for the charge transfer transitions are consistently too low. For example, transition energies for the excitations from the e u orbitals are over 8000 cm À1 too low. Furthermore, the b 1g ' a 2g transition is predicted to lie amongst the ligand field excitations. These transitions are genuinely charge transfer in nature and the use of the longrange corrected functional does result in an improvement in the description of the UV spectrum. The charge transfer excitations are shifted up in energy and are closer to experiment. However, the description of the ligand field excitations is less satisfactory. For these transitions there is little difference in the predicted excitation energies, whereas in experiment they can be distinguished clearly.
Also shown in Table 1 are analogous calculations with the MOM approach. This approach, in conjunction with the B3LYP functional, gives good agreement with experiment for the ligand field excitations, predicting excitation energies within 1500 cm À1 of experiment. Formally, charge transfer excitations should not problematic with the MOM approach, and should be described adequately with hybrid functionals. However for the results presented here, while the excitation energies for the charge transfer bands are higher than for TDDFT with the B3LYP functional, they are too low compared with experiment. The MOM calculations are also improved with the use of the long-range corrected functional. Overall, the MOM approach predicts excitation energies in closer agreement with experiment than TDDFT providing a more balanced treatment between ligand field and charge transfer excitations. This is, in part, a reflection of the nature of the electronic excitations, which involve doublet states, that can be described well by the single determinant based MOM approach. All of the calculations predict significant intensity (oscillator strength Z 0.005) only for excitations from the e u orbitals, with the higher energy excitation more intense. For the TDDFT and MOM calculations with the long-range corrected functional, the oscillator strength of the higher energy b 1g ' e u excitation is about three times greater than the lower energy one, which is consistent with experiment.
B. Plastocyanin Fig. 3 shows the computed spectra for the model active site (depicted in Fig. 1 ) extracted from the 1PLC crystal structure. All three methods predict spectra that are in qualitative agreement with experiment, with a weaker band arising from the ligand field excitations and an intense band at higher energy arising from the LMCT excitation. The three different methods consistently predict the LMCT band to occur at higher energy than the experimental value of 16 700 cm À1 . for the LMCT band. This increase in the size of the active space leads to a significant increase in the time for the calculations. Including an additional five unoccupied increases the calculation time from 38 h to 93 h. This increase in computational cost makes sampling over many structural snapshots not practical. Overall, the best spectral profile is predicted by the MOM calculations since the relative intensity of the LMCT and ligand field bands is closest to experiment.
Previous theoretical work has shown that the excitation energy of the LMCT band is sensitive to the structure of the active site. Therefore, the calculations should be improved by averaging over structural configurations since this can lead to significant changes in the calculated spectra. 66, 67 The structural snapshots drawn from the molecular dynamics simulation with the parameters of Voth and co-workers 4 gives average bond lengths of 2.09 Å and 2.96 Å with standard deviations 0.05 Å and 0.22 Å for the Cu-S cys and Cu-S meth bond lengths, respectively. These and other structural parameters are consistent with the values reported previously. 4 The Cu-S cys bond length from simulation is marginally longer than in the crystal structure. This similarity to the crystal structure is inherent in the design and parameterization of the force field, which is optimized to reproduce the crystal structure. There is a much larger fluctuation in the Cu-S meth bond length. This is a result of the copper-methionine interaction being treated as a nonbonded interaction in the force field. Fig. 3 also shows computed spectra derived from averaging over the 114 structural snapshots drawn from the molecular dynamics simulation. The aim of averaging over these structures is to represent the non-equilibrium structures that will be accessed during spectral measurements at finite temperature. A classical molecular dynamics simulation with an accurately parameterised force field should be sufficient to provide reliable structures. 68 Point charges describing the remainder of the protein are included, however, we find the inclusion of these charges has relatively little effect on the location of the LMCT band. This is consistent with the findings of previous theoretical studies. 23, 24 Overall, the change in the resulting spectra is not as large as first expected. While there is a small shift in the position of the LMCT band towards lower energy, the predicted excitation energies of 22 140 cm À1 , 19 585 cm À1 and 18 354 cm À1 for TDDFT, MOM and MRCI remain too high. The ligand field band predicted from the MOM calculations matches the experimentally observed band well, while the ligand field band is too high in energy in the TDDFT spectrum and too weak in the MRCI spectrum. We have explored the sensitivity of the computed TDDFT spectrum to the exchangecorrelation functional. Repeating the TDDFT calculations with the oB97 functional of Chai and Head-Gordon 40 gives values of 23 000 cm À1 and 15 200 cm À1 for the LMCT and ligand field bands. These values represent only a small change in the computed spectrum. Fig. 4 illustrates the correlation between the bond lengths of the two copper-sulfur bonds and the computed excitation energy of the LMCT band for the MRCI calculations. This shows a very strong correlation between the Cu-S cys bond length, with a correlation coefficient of over 0.9, while there is little correlation between the excitation energy and the Cu-S meth bond length. This indicates that for theory to correctly predict the excitation energy of the LMCT band, the average Cu-S cys bond length from the simulation and hence the crystal structure should be longer. A single calculation in isolation would not provide suitable justification for suggesting a change in the crystal structure. However, the fact that three unrelated approaches to computing the excitation energies all predict consistently that the excitation energy is too high coupled with the very strong correlation between the Cu-S cys bond length and the excitation energy does provide a more compelling case for reviewing the bond length in the crystal structure. The Cu-S cys bond length versus excitation energy graph suggests that to correctly predict the energy of the LMCT band, a Cu-S cys bond length of about 2.15 Å is necessary. This bond length is similar to the Cu-S cys bond lengths found in the related blue copper proteins cucumber basic protein (2.16 Å ) and nitrite reductase (2.19 Å ). There is only a small variation in the experimentally observed energies of the LMCT band in plastocyanin (16 700 cm ), which also indicates strongly that the Cu-S cys bond lengths should be similar. An error in the Cu-S cys bond length of about 0.8 Å is also reasonable considering the resolution of the crystal structure of 1.33 Å .
A more direct computational approach to establishing the Cu-S cys bond length is to optimize the structure directly within a QM/MM approach. We have performed a QM/MM optimization of the structure in which the active site is modeled using B3LYP and the 6-31G* basis set with 6À31+G* for the sulfur atoms and the CHARMM force field for the remainder of the protein. These calculations exploit the new interface between CHARMM and Q-CHEM. 69 The structure of the active site from the QM/MM optimization is shown in Table 2 . Overall, the QM/MM optimization is in good agreement with the crystal structure. The bond length for the long Cu-S meth bond is predicted accurately and the QM/MM predicts only a small difference between the two Cu-N his bond lengths in agreement with the classical simulation. Of particular relevance is the Cu-S cys bond length is predicted to be longer than in the crystal structure and consistent with our analysis of the absorption spectra. This bond length is shorter than the value predicted by the QM/MM calculations of Sinnecker and Neese. 24 This reason for this difference could be the basis set, since we have found that this bond length is sensitive to the basis set used, in particular the inclusion of polarization functions is important. The Cu-S meth bond length agrees well with the crystal structure. However, the Cu-N his bond lengths show a notable deviation from the crystal structure. In the crystal structure there is a significant difference between the two Cu-N his bond lengths while the QM/MM here and by others 24 predict that the two bond lengths are much closer to each other and lie between the two values given by the crystal structure. However, we find that these changes are less significant in the spectroscopy than the Cu-S cys bond length.
This increase in the Cu-S cys bond length has been incorporated into the molecular dynamics simulation by increasing the equilibrium Cu-S bond length from 2.10 Å to 2.15 Å in the force field. The average structural parameters relevant to the active site resulting from this new simulation are also shown in Table 2 with corresponding values for the 1PLC crystal structure. The simulation gives an average bond length of 2.14 Å for the Cu-S cys bond. The remaining structural parameters remain close to the crystal structure. The most significant deviation is for the two Cu-N bond lengths. The simulation predicts these to be similar, while there is a significant difference in the crystal structure. There is also a noticable difference in the values for the C b (cys)-S(cys)-Cu-S(met) dihedral angle. However, there is a large standard deviation for this angle because of the variation in the position of the non-bonded methionine residue. Fig. 3 shows the computed spectra arising from the molecular dynamics simulation with the adjusted force field. For all methods there is a shift to lower wavenumber in the LMCT band. For TDDFT, the shift is too small and both LMCT and ligand field bands are too high in energy. The MOM and MRCI spectra are in good agreement with experiment. The LMCT band for MRCI lies at 17 260 cm À1 , although the intensity of the ligand field band remains too low compared with experiment. For the MOM calculations, the LMCT band is predicted to lie at 18 762 cm À1 and the relative intensities of the LMCT and ligand field bands is predicted correctly by the MOM calculations. However, in this spectrum the LMCT band is marginally too high in energy, which suggests a slightly longer Cu-S cys bond length. Overall, the MOM and MRCI calculations are as close to the experiment as one can expect for systems as complex as plastocyanin. These simulations illustrate a useful synergy between quantum chemical spectroscopic calculations and classical molecular dynamics force fields. If the calculated spectra are sensitive to the conformation and there is sufficient confidence in the accuracy of the quantum chemical calculations and sampling, then simulating experimentally measured spectra can provide a test of the classical force field to establish the molecular dynamics simulation is sampling the correct molecular conformations. This can also provide a mechanism to test and refine the classical force field. The calculation of CD spectra is more challenging than the calculation of UV absorption spectra. The rotational strength is dependent on the product of the electronic and magnetic transition dipole moment, 70 and accurate determination of the rotational strength requires both transition moments and the angle between them to be calculated correctly. Furthermore, CD spectra are more sensitive to the underlying structure and it has been shown that conformational sampling is important to achieve good agreement between calculated spectra and experiment. 71 Fig . 5 shows computed CD spectra based on MRCI and CIS calculations. The CIS method is known to overestimate excitation energies significantly. Consequently, for the CIS based spectra, CIS/6-31G* rotational strengths are combined with MRCI excitation energies to allow comparison with experiment. Initially, CD spectra computed using the crystal structure are considered. These spectra have been generated using gaussian functions with a full width at half maximum (fwhm) of 200 cm
À1
. For both methods, the resulting spectra are very different from experiment. For the CIS spectrum, the ligand field and SOMO ' Cys p band have the wrong sign, but the SOMO ' Cys s band appears correctly as a positive band at higher energy. The MRCI spectrum does show a marginally better agreement with experiment. Overall the ligand field band is well described and both SOMO ' Cys p and SOMO ' Cys s are positive. However, the rotational strength of the bands is severely underestimated, and the intense SOMO ' Cys p charge transfer band is barely visible. Also shown are corresponding conformationally averaged spectra based on the molecular dynamics simulations with the increased Cu-S cys bond length. These spectra have been generated with a fwhm of 500 cm À1 . This conformational averaging leads to a clear improvement in the computed spectra. For the CIS based spectrum, the ligand field excitations result in an intense negative band in agreement with experiment, and the SOMO ' Cys s band at higher energy is also described well. However, while the SOMO ' Cys p charge transfer band is broadened and has the correct sign, its intensity is too low.
The conformationally averaged MRCI spectrum shows the best agreement with experiment, and while the agreement is not excellent, the general features of the experimental spectrum are reproduced. The ligand field and SOMO ' Cys s bands are reproduced well, and a distinct SOMO ' Cys p charge transfer band is evident. However, this band remains too weak relative to the ligand field and SOMO ' Cys s bands, and the small positive peak at about 11 000 cm À1 and negative peak at about 21 000 cm À1 are not reproduced. Fig. 6 shows the dependence of the rotational strength of the SOMO ' Cys p charge transfer band on the Cu-S cys -N-N improper torsion angle, which indicates the extent that the copper atom is raised out of the plane of the two nitrogen and cysteine sulfur atoms. The graph shows a relatively strong correlation of 0.67, with the more planar the Cu-S cys -N-N atoms leading to a more intense band. This suggests that the intensity of this band provides some measure of planarity of the active site. Observation of the experimental spectra shows that the intensity of this band relative to the ligand field band decreases for the related proteins cucumber basic protein and nitrite reductase compared to plastocyanin 17, 18 and these proteins have a greater Cu-S cys -N-N angle in their crystal structures.
C. X-ray absorption spectra Table 3 shows the computed energies and intensities of the pre-edge features at the copper and sulfur K edges with the experimental excitation energies for plastocyanin. The computed values are averages over the 114 structural snapshots drawn from the simulations with modified Cu-S cys bond length. For the sulfur K-edge, the computed excitation energy is in excellent agreement with experiment. For the copper K-edge the agreement is less good, but still within an acceptable error. Comparing the computed excitation energies for plastocyanin with cucumber basic protein shows only a small change. The most significant aspect of these calculations is the computed oscillator strengths, since these can be used to extract information about the relative contribution of sulfur p orbital and copper d orbital character in the SOMO. 7 The calculated oscillator strength for cucumber basic protein is lower than the value for plastocyanin, indicating a smaller sulfur p character in the SOMO. There is little variation in the computed oscillator strengths during the simulation and this is the case across the simulations. Fig. 7 shows molecular orbital pictures plotted at the same contour surface of SOMOs of plastocyanin and cucumber basic protein taken from the structural snapshots. From these orbitals, the smaller sulfur p component for cucumber basic protein can be identified clearly. 
IV. Conclusions
The UV absorption, CD and X-ray absorption spectra of the blue copper proteins plastocyanin and cucumber basic protein have been studied with a combination of quantum chemical excited state methods in conjunction with classical molecular dynamics simulations. For calculations based on the geometry of the crystal structure, all three excited state methods used predict the location of the LMCT band to be too high in energy. Analysis of the computed spectra for the different structural snapshots drawn from the molecular dynamics simulation highlights a strong correlation between the Cu-S cys bond length and the excitation energy of the LMCT transition. This suggests that the Cu-S cys bond length should be larger than observed in the crystal structure. This is supported by the experimental measurements on related blue copper proteins which show LMCT bands at energies similar to plastocyanin, yet have significantly longer Cu-S cys bond lengths. The computed CD spectra are sensitive to conformation, and conformational averaging is necessary to obtain spectra that reproduce the major features observed in experiment. The rotational strength of the LMCT band shows some correlation with the extent to which the copper atom is above the plane containing the cysteine sulfur and histidine nitrogen atoms. X-ray absorption spectra of the pre-edge feature at the sulfur K-edge, show a lower oscillator strength for cucumber basic protein compared to plastocyanin. This indicates a smaller sulfur p orbital character in the SOMO. Overall, these calculations show how quantum chemical calculations can be applied to complex systems such as the blue copper proteins and provide a useful tool to aid experimental endeavors. 
